ABSTRACT The composition and dynamics of phytoplankton assemblages during the spring bloom in a shallow, coastal-plain estuary were characterized by high-performance liquid chromatography (HPLC)-derived pigment profiles. From mid-February through the first week in June 1991, samples were collected twice weekly at 2 sites within the Newport River estuary, North Carolina, USA. Pigment profiles, reflecting phytoplankton assemblages dominated by diatoms, dinoflagellates, prymnesiophytes, cryptophytes, and chlorophytes, were compared to phytoplankton cell counts. There were significant ( p 5 0.0005, r 2 = 0.49 to 0 63) relationsh~ps between the taxon-specific pigment concentrations and the taxon-specific cell numbers HPLC-determined chlorophyll (chl) a biomass corresponded wlth the sum of the taxon-spec~fic chl a biomass ( p S 0.001, r2 = 0.95). Each taxon-specific biomass was calculated based on chl a:accessory pigment ratlos determined by regression analyses. Chl a biomass was also measured fluorometr~cally and compared with the HPLC results. Fluorometric analysis underestimated bio~nass when prymnesiophytes, cryptophytes, and chlorophytes dominated the phytoplankton. Despite the inherent environmental vanability of the estuarine sampling location, HPLC-derived pigment profiles did provide division-level phylogenetic assessment of large, short-term changes in the phytoplankton composition and detected assemblage responses to event-scale perturbation effects (e.g. precipitation, wind). These results demonstrate that even in highly variable environments HPLCbased pigment analysis is a valuable tool, providing complementary information to the traditional methodology of cell counting.
INTRODUCTION
Phytoplankton size structure, species composition, and temporal dynamics are important determinants of trophic interactions in marine ecosystems. Phytoplankton identification and enumeration are typically obtained through microscopic examination which requires a high level of taxonomic skill and may take considerable time. Small cells (<5 pm), particularly flagellates, can be 'E-mail: ptester@hatteras.bea.nmfs gov especially difficult to identify and are usually counted as a group by epifluorescence microscopy.
Alternatively, phytoplankton phylogenetic groups may be characterized based on the presence or absence of diagnostic pigments. Chlorophyll (chl) and carotenoid pigments, either singly or in combination, have been used successfully for chemosystematic identification of phytoplankton in oceanic waters (e.g. Jeffrey et al. 1975 , Gieskes & Kraay 1983 , Guillard et al. 1985 , Wright & Jeffrey 1987 , Goericke & Repeta 1992 . Although pigments may vary among cells within a taxon or between taxa, the abundances of the diagnostic pigments generally reflect the major distributions of phytoplankton to the division or class level. High-performance liquid chromatography (HPLC) has proven to be an effective technique for separating and quantifying lipophilic pigments in both monotypic and mixed algal samples. As such, HPLC-based pigment analyses can accurately characterize phytoplankton phylogenetic groups and changes in community composition, as well as provide information concerning phytoplankton physiological status and trophic interaction (for a review, see Millie et al. 1993) .
The characterization of pico-and nanophytoplankton assemblages in stable, open ocean systems by HPLC-based pigment analyses is becoming increasingly routine (e.g. Gieskes & Kraay 1986a , b, Bidigare et al. 1990 , Everitt et al. 1990 , Veldhuis & Kraay 1990 , Bartow et al. 1993 . However, this technique has rarely been used for characterizing phytoplankton assemblages within highly variable marine environments, such as coastal waters or estuaries (Klein & Sournia 1987 , Roy 1989 . Further. no studies of marine or estuarine systems have compared diagnostic pigment composition with comprehensive cell counts of phytoplankton, particularly over a seasonal time scale. An investigation of a freshwater lake by Wilhelm et al. (1991) served as a catalyst for this study (see also Soma et al. 1993) .
The objective of this research was to evaluate the utility of HPLC-based pigment analyses for detecting changes in species composition of estuarine phytoplankton. Sampling sites were chosen in a shallow, coastal-plain estuary to ensure that spatial and environmental variability would be represented. The s p r~n g bloom period (February to June) was selected to provided a strong seasonal signal when both the phytoplankton species composition and biomass were changing rapidly (Thayer 197 1) .
METHODS
The Newport River estuary (34" 45' N, 76" 40' W) is a shallow, tide-flushed system in the Outer Banks region of North Carolina, USA (Fig. 1) . This estuary drains an agricultural, forest, and pocosin watershed of approximately 310 km2 and receives average monthly rainfall of 7.9 to 11.2 cm (based on 10 yr average) between February and June (EClrby-Smith & Costlow 1989). The main body of the estuary extends a l o n of study sites in the Newport River estuary North C a r o h a , USA 15 km in length and is approximately 4 to 5 km in width with a mean depth of 1 m. Nearly one-half of its water volume moves in and out with each tidal cycle (Kirby-Smith & Costlow 1989) and the estimated flushing time ranges between 4.5 and 9.6 d (Jennings et al. 1970) .
Sampling sites were established within Gallants Channel and at Penn Point (Fig. 1) . The Gallants Channel site (approx. 4 m depth) was dominated, even at low tide, by the influx of high salinity coastal water through Beaufort Inlet (Fig. 1) . The Penn Point site was located in the shallow ( l to 2 m), middle section of the estuary and was especially subject to the influence of wind mixing and terrestrial runoff.
From 14 February to 6 June 1991, surface water samples (n = 58) were collected at each site twice weekly, 0 to 2 h prior to daytime low tide. Phytoplankton samples were preserved with Utermohl's solution, concentrated in Utermohl settling chambers, and enumerated using an inverted microscope (after Lund et al. 1958) . Salinity, water temperature, and general meteorological conditions were recorded at time of sampling. Continuously recorded information on wind speed, wind d~rection, and surface water temperature at Gallants Channel were made available by the Duke University Marine Laboratory. For lipophilic pigment analyses, 200 to 1500 m1 of water was filtered onto Whatman GF/F filters. The filters were immediately frozen and stored (c30 d) at -20°C u.nti1 analysed. Frozen filters were placed in 2 m1 of 100% acetone, sonicated, and extracted in darkness overnight at 4°C. Pigment extracts were centrifuged and the supernatants mixed with an ion-pairing agent (after Man-toura & Llewellyn 1983). A volume of 200 p1 of filtered mixture was injected directly into an Spectra-Physics Model 8800 HPLC equipped with a 250 X 4.6 mm ODS-18 Altex Ultrasphere column and a photodiode array detector The mobile phases followed those of Mantoura & Llewellyn (1983) or Wright et al. (1991) at flow rates of 1 or 1.5 m1 min-' Pigment peaks were identified and quantified by comparison of retention times and absorption spectra to those of crystalline standards, including chl a and b (Sigma Chemical Company), and fucoxanthin (Hoffman-LaRoche & Company). Peridinin, 19'-hexanoyloxyfucoxanthin and alloxanthin were extracted from phytoplankton cultures (see Wright et al. 1991) and quantified using the appropr~ate extinction coefficients (from Mantoura & Llewellyn 1983).
Additionally, chl a was assayed using fluorometric analyses for comparisons with HPLC pigment analyses. A volume of 100 to 1000 m1 of sample was filtered and stored frozen as above. Chl a was extracted in 90:10 (v/v) acetone:water and measured in a Turner Designs Model 10 fluorometer. The fluorometer was calibrated with spectrophotometrically determined concentrations of chl a obtained from estuarine phytoplankton (after Parsons et al. 1984) .
Multiple linear regression was used to assess the phylogenetic group-specific contribution to total chl a biomass (Gieskes & Kraay 1983). The chl a:accessory pigment ratlos were established for each phylogenetic group by the regression. Using the appropriate regression coefficients, the contribution of each phylogenetic group to the total chl a biomass was then calculated and plotted. The relative abundance of diagnostic pigments was compared to the relative cell abundance for each phylogenetic group to test how well pigmentspecific biomass reflected cell counts. Relative abundance data were in percentages and were arcsinetransformed prior to statistical analysis (Sokal & Rohlf 1969) . The F-statistic was used to test the hypothesis that the slopes of the regressions were different from zero. The Student's t-test was used to determine the significance of the correlation coefficients. The p-value, in the case of several comparisons, refers to the least significant relationship.
RESULTS
A total of 100 algal taxa (encompassing 89 genera and 55 species) were identified. Of the identified species 82 % were diatoms. The diatoms Skeletonema sp., Leptocylindrus spp. and Chaetoceros spp. were the dominant phytoplankton at Gallants Channel where the highest standing crop (22.6 X 105 cells I-') occurred on the 108th day of the year (Day 108) (Fig. 2a) . Centric diatoms were approximately 3-fold more abundant than pennate diatoms (Fig. 2a, b) with the greatest number of pennates (6.1 X 10%ells I-') between Days 80 and 105 (Fig. 2b) . Asterionella glacialis Castr accounted for approximately 50'% of the pennate standing crop. Increasing standing crop values for diatoms coincided with increasing water temperature (compare Fig. 2c and d) and increasing day length up to Day 108. Microflagellates, primarily Pyramimonas spp., Chlamydomonas spp., Chroornonas spp., and Cryptomonas spp., replaced diatoms as the dominant phytoplankton with standing crop values up to 5 X 10' cells I-' in the lower estuary between Days 118 and 149 while standing crop values for diatoms declined to less than 2 X 105 cells I-' by Day 130 ( Fig. 2c ; note different scale for microflagellates).
At Penn Point, pennate diatoms were approximately 1.2-to 5-fold more abundant than centric diatoms (compare Fig. 3a and b) . The greatest pennate standing crop (51.6 X 105 cells I-') occurred on Day 67 with Nitzschia spp. as the dominant genus. Centric diatoms were most abundant between Days 67 and 77 (9.7 X 105 cells 1-l) and between Days 101 and 112 (14.3 x 105 cells 1 l ) with Skeletonema sp. and Cyclotella spp., respectively, as the dominant genera. After Day 127 microflagellates replaced diatoms as the major contributor to total standing crop and were most abundant (4 to 5 X 10' cells I-') between Days 140 and 149 (Fig. 3c , note different scale for microflagellates). At Penn Point, changes in standing crop values coincided with periods of high wind and/or precipitation with a lag time of approximately 4 d (Fig. 3d) . At both Gallants Channel and Penn Point changes in chl a concentrations reflected changes in total phytoplankton standing crop (Figs. 2c & 3c) . In addj.tion to chl a, 5 major accessory pigments were quantified, including peridinin, fucoxanthin, 19'-hexanoyloxyfucoxanthin, alloxanthin and chl b. HPLC-based pigment analyses reflected the shift from diatom to microflagellate dominance at both sampling sites (Fig. 4a, c) . At Gallants Channel, increasing concentrations of fucoxanthin (indicative of diatoms) corresponded with increasing diatom standing crop (compare Figs. 2c & 4a) reaching the greatest value on Day 108. After Day 118, concentrations of 19'-hexanoyloxyfucoxanthin, alloxanthin, and chl h (indicative of the prymnesiophytes, cryptophytes, and chlorophytes, respectively) coincided with increasing microflagellate standing crop. Low peridinin concentrations, observed throughout the entire study, were indicative of and consistent with low numbers of dinoflagellates.
At the Penn Point site, fucoxanthin comprised the greatest proportion of the pigments between Days 47 and 69 (Fig. 4c) (Fig. 5a, b) . Furthermore, the group-specific chl a biomass corresponded with the groupspecific standing crop determined from microscopic cell counts (p S 0.0001) (compare Figs. 2c & 4b, 3c &  4d) . Concentrations of chl a as determined by the fluorometric method corresponded with concentrations determined by HPLC analysis from Days 45 to 100. However, the fluorometric method underestimated chl a concentrations when microflagellates dominated the phytoplankton (Fig. 5a, b) .
DISCUSSION
HPLC-based pigment profiles accurately characterized phytoplankton abundance and phylogenetic composition during the spring bloom in the Newport River estuary. Total and group-specific chl a bionlass derived from HPLC analysis reflected the total and group-specific cell counts and correspondingly more than 95 % of the variability in total chl a biomass was explained by the group-specific diagnostic pigments.
HPLC-derived pigment profiles are able to reveal large, short-term changes in phytoplankton biomass. Particularly notable is the sensitivity of this technique to detect event-scale perturbations such as wind mixing and the subsequent resuspension of phytoplankton or stimulation by rainfall. An example is the shallow (1 to 2 m) Penn Point site where pennate diatoms were the dominant phytoplankton. Here changes in the standing crop consistently lagged behind Day of Year weather events by 3 to 4 d and these biomass changes are distinguishable within the seasonal cycle. The observed fluctuations in fucoxanthin concentration, as well as the fucoxanthin-specific contribution to the total chl a b~omass, reflect the resuspension and subsequent settling of benthic pennate diatoms in the water column at the shallow Penn Point site. In contrast, at the deeper (4 m) Gallants Channel site changes in phytoplankton standing crop followed seasonal changes in water temperature.
In the last stage of the spring bloom a transition from diatoms to microflagellates as the dominant phytoplankton occurred at both Gallants Channel and Penn Point. This transition was fully characterized by pigment composition changes from fucoxanthin to alloxanthin, chl b and 19'-hexanoyloxyfucoxanthin (indicative of cryptophytes, chlorophytes, and prymnesiophytes, respectively). Although preservation and microscopic identification of microflagellates are difficult, HPLC-based pigment analyses were able to quantify the contribution of 3 major microflagellate groups, thereby proving effective in fingerprinting small, fragile species.
Measurements of chl a by the fluorometric and HPLC methods were nearly identical until microflagellates dominated the phytoplankton assemblage (see Fig. 5a , b). From Day 115 to 149 at both Gallants Channel and Penn Point the fluorometric method underestimated chl a concentrations compared with HPLC-determined chl a. This is not surprising considering that large amounts of chl b are known to interfere with the fluorometric determination of chl a (Gibbs 1979) . Fluorometric analysis is also reported to overestimate chl a when large amounts of chl c are present within samples (Trees et al. 1985) but such an overestimation was not observed at either site when the chl c-containing phytoplankton were dominant. 
Although the regressions of relative cell abundances on relative diagnostic pigments were highly significant, only 40 to 63 % of the variability was explained. Part of the variability may stem from the use of distinctly different reference parameters in HPLC and cell counting analyses, as was noted by Wilhelm et al. (1991) . HPLC analyses provide uniform assessments of chl a and other diagnostic pigments, whereas cell counts are based on static, morphological characteristics and the resulting biomass estimates are affected by the physiological conditions (live vs dead) and cell size.
Also, the assumption that the chl a:accessory pigment ratios were similar at both sites and constant over the entire sampling period merits scrutiny. Since chl a and accessory pigment contents of phytoplankton may vary within each phylogenetic group and are dependent upon photoacclimation state (Jeffrey & Vesk 1978 , Falkowski & Owens 1980 , Paerl et al. 1983 , Millie et al. 1990 ) and nutritional status (Gowen et al. 1983 , Ridout & Morris 1985 , Naes & Post 1988 , such fluctuations of pigment content and composition may have accounted for a portion of the unexplained variability. However, the chl a:accessory pigment ratios from this seasonal study are within the range of ratios for other field samples from both marine and freshwater systems (Table 1) .
Clearly, most of the ecologically relevant information from HPLC-derived pigment analysis is extracted at the class level of taxonomic determination (see Millie et al. 1993) . If an accurate distinction of phylogenetic groups within an assemblage is desired, these results suggest that the relative contributions of taxon-specific pigments are reasonably reliable predictors of the contribution of the corresponding taxa to total phytoplankton cell numbers. Although a large amount of information can be gleaned at the class level by using HPLC pigment analyses, this method may be insufficient for understanding the finer scales of phytoplankton dynamics. For example, late in the spring bloom in the Newport estuary there were still considerable amounts of fucoxanthin present when diatom numbers were declining. The high fucoxanthin concentrations were due largely to the chrysophytes and prymnesiophytes. The contribution from diatoms should be interpreted carefully, using ancillary pigment or cell count data. Also, HPLC-based pigment analyses cannot Soma et al. (1993) generally be used to make taxonomic distinctions within classes. A significant difference between the 2 sampling sites early in the study was the dominance of pennate and centric diatoms at Penn Point and Gallants Channel respectively (Figs. 3a, b & 2a, b) , but pennate and centric diatoms cannot be discriminated by HPLC-based pigment analyses. Certainly, no single technique or methodology is ideal for resolving all information relevant to phytoplankton community structure and dynamics. Therefore, the role of HPLCbased pigment analyses for quantitatively assessing phytoplankton composition should be considered complementary to, but not exclusively a replacement for, microscopic enumeration.
